Certain environmental factors including drugs exacerbate or precipitate psoriasis. Lithium is the commonest cause of drug-induced psoriasis but underlying mechanisms are currently unknown. Lithium inhibits glycogen synthase kinase 3 (GSK-3). As lithium does not exacerbate other T-cell-mediated chronic inflammatory diseases, we investigated whether lithium may be acting directly on epidermal keratinocytes by inhibiting GSK-3. We report that lithium-induced keratinocyte proliferation at therapeutically relevant doses (1-2 mM) and increased the proportion of cells in S phase of the cell cycle. Inhibition of GSK-3 in keratinocytes by retroviral transduction of GSK-binding protein (an endogenous inhibitory protein) or through a highly selective pharmacological inhibitor also resulted in increased keratinocyte proliferation. Nuclear factor of activated T cells (NFAT) is an important substrate for GSK-3 and for cyclosporin, an effective treatment for psoriasis that inhibits NFAT activation in keratinocytes as well as in lymphocytes. Both lithium and genetic/pharmacological inhibition of GSK-3 resulted in increased nuclear localization of NFAT2 (NFATc1) and increased NFAT transcriptional activation. Finally, retroviral transduction of NFAT2 increased keratinocyte proliferation whereas siRNA-mediated knockdown of NFAT2 reduced keratinocyte proliferation and decreased epidermal thickness in an organotypic skin equivalent model. Taken together, these data identify GSK-3 and NFAT2 as key regulators of keratinocyte proliferation and as potential molecular targets relevant to lithium-provoked psoriasis.
Psoriasis is a common inflammatory skin disease characterized by abnormal cellular regulation involving the immune system, dermal vasculature, and the epidermis. The pathogenesis of psoriasis is recognized to be complex with interplay between innate and adaptive immune responses. Although psoriasis has a major genetic component there is thought to be significant interplay between genetic predisposition and external environmental triggers such as streptococcal infection and drugs. Provocation or exacerbation of psoriasis by lithium is well described and re-challenge studies have confirmed lithium as a pharmacological trigger for psoriasis (Skoven and Thormann, 1979) .
Proliferation of resident skin T lymphocytes has been shown to be an early initiating event in psoriasis (Boyman et al., 2004) . More recent studies have highlighted the role of innate immunity and cytokine signals from resident plasmocytoid dermal dendritic cells in regulating Th-17/Th-22 T cells which appear critical in initiating epidermal remodeling and the formation of psoriatic plaques (Zheng et al., 2007; Di Cesare et al., 2009; Nestle et al., 2009 ). Lithium has been previously shown to induce T-cell proliferation and it has been suggested that this may explain the action of lithium in psoriasis (Ohteki et al., 2000) . However, lithium has not been shown to trigger or exacerbate other T-cell-mediated inflammatory diseases such as rheumatoid arthritis (Oliver and Silman, 2009) or multiple sclerosis (Ramagopalan et al., 2010) . Moreover, lithium has been shown to down-regulate an inflammatory mRNA signature identified in monocytes from bipolar patients (Padmos et al., 2008) , protect against cytokine-mediated damage to cartilage (Hui et al., 2010) and be an effective treatment for experimental autoimmune encephalomyelitis which models some features of multiple sclerosis in mice (Beurel et al., 2010) . Together, these studies provide no support for a direct pro-inflammatory effect of lithium in psoriasis. In this study, we have examined the effect of lithium on keratinocytes as there is good evidence to support an intrinsic defect of keratinocytes in psoriasis. For example, linear psoriasis has been reported in a pattern following Blashko's lines, the routes of embryological keratinocyte migration (Happle, 1991) . Also, uninvolved psoriatic skin shows increased keratinocyte proliferation under basal conditions (Hell and Hodgson, 1966; Goodwin et al., 1973) and is hyperresponsive to proliferation stimuli (Goodwin et al., 1973; Hatta et al., 1997) . Recently, a large-scale genetic association study has identified polymorphisms within the IL-23 receptor gene as a risk factor for psoriasis (Cargill et al., 2007) .The overexpression of IL-23 by dermal dendritic cells has been identified as an important component in the psoriasis inflammatory cascade (Di Cesare et al., 2009 ). Keratinocytes have also been shown to express IL-23 (Piskin et al., 2006) , in sufficient quantities to activate memory T cells. Moreover, gene expression profile studies on uninvolved psoriatic skin emphasize distinct differences to normal skin, particularly with respect to lipid processing (Gudjonsson et al., 2009 ) and recent genetic studies have shown that PSORS4 and loss of LCE3B and LCE3C within the epidermal differentiation complex are linked to an increased risk of psoriasis (de Cid et al., 2009; Huffmeier et al., 2010) . Taken in conjunction with a psoriasis-like phenotype observed following expression of activated signal transducer and activator of transcription 3 (STAT3) within mouse epidermis (Sano et al., 2005) , these data emphasize that keratinocytes may play a key role in psoriasis, may be genetically predisposed to be hyperresponsive to cytokine signals and may modulate inflammatory responses.
The molecular mechanisms underlying lithium-provoked psoriasis are not well understood. Lithium is known to inhibit a variety of enzymes including inositol monophosphatase (IMPase) and glycogen synthase kinase-3 (GSK-3; Hedgepeth et al., 1997; Manji et al., 1999) . The consequences of inhibition of IMPase have been mainly described in the brain and are thought to be due to inositol depletion, a phenomenon perhaps unique to the brain due to the blood-brain barrier. On the other hand, GSK-3 is ubiquitously expressed (Jope and Johnson, 2004 ) and inhibition of GSK-3 is not believed to be tissue specific in the way that has been suggested for IMPase.
GSK-3 is a serine threonine kinase which was first characterized for its role in glycogen metabolism (Welsh and Proud, 1993) . Two isoforms a and b have been described. Lithium and other pharmacological GSK-3 inhibitors, inhibit the activity of both isoforms. Inhibition of GSK-3 has been reported to both reduce and promote inflammation via different downstream pathways (Martin et al., 2005; Vines et al., 2006; Shen et al., 2009) . GSK-3 is also known to influence a multitude of other intracellular signaling pathways that regulate differentiation, cell survival, and cell proliferation (Beurel et al., 2010) . Previous reports of the role of GSK-3 in cell proliferation have focused on the GSK-3b isoform (Cui et al., 1998; Park et al., 2003) . GSK-3 has been demonstrated to regulate a wide variety of metabolic and structural proteins and also a number of transcription factors including the nuclear factor of activated T cells (NFAT; Jope and Johnson, 2004) . GSK-3 activity is also negatively regulated by binding proteins such as GSK-binding protein (GSKBP; Jonkers et al., 1997; Yost et al., 1998) . GSKBP has been shown to inhibit GSK-3 activity and to elevate levels of the GSK-3 substrate, b-catenin, in NIH3T3 cells (Farr et al., 2000) .
Lithium is known to inhibit the activity of GSK-3 at therapeutic concentrations. Ryves and Harwood (2001) calculated that lithium inhibits GSK-3b with an IC 50 of 2.0 mM and GSK-3a with an IC 50 of 3.5 mM. Lithium has also been shown to mediate PI3 kinase-dependent protein kinase C-a dependent phosphorylation of GSK-3 (Kirshenboim et al., 2004) .
We investigated possible downstream mechanisms following inhibition of GSK-3 in keratinocytes. NFAT is a GSK-3 substrate that has been implicated in proliferative responses. Expression of calcineurin and NFAT 1-4 has been previously demonstrated in human epidermal keratinocytes (Santini et al., 2001; Al-Daraji et al., 2002) . NFAT has been implicated in regulating proliferation of a wide variety of cells including T cells, mast cells, endothelial cells, preadipocytes, and pancreatic cells, and is also the target of the highly effective anti-psoriatic therapy cyclosporin (Murphy and Hughes, 2002; Lipskaia and Lompre, 2004; Buchholz and Ellenrieder, 2007) .
We reasoned that inhibition of GSK-3 by lithium in keratinocytes may lead to increased nuclear NFAT with subsequent effects on keratinocyte proliferative responses. NFAT2 transcripts are overexpressed in mouse epidermal stem cells (Horsley et al., 2008) and we therefore studied the effect of lithium and GSK-3 on NFAT and focused specifically on NFAT2.
In this study, we show that lithium inhibits GSK-3 in keratinocytes and that inhibition of GSK-3 induces keratinocyte proliferation. The downstream signaling events include activation of NFAT, specifically NFAT2, overexpression of which induces proliferation of keratinocytes, consistent with its pro-proliferative role described in other cell types.
Materials and Methods

Materials
The GSKBP vector (Xenopus origin in CS2-Flag vector) was a kind gift from Dr. D. Kimelman (Washington). The GSK vectors wildtype (WT) and constitutively active GSK-3b (CaGSK-3b-S9A) were a gift from Dr. B. Eldar Finkelman. pEGFP-NFAT2 (NFATc1) was a kind gift from Dr. Dorothy Cantrell (ICFR, London, UK; Turner et al., 1998) . The anti-NFAT 2 antibody was a kind gift from Dr. Nancy Rice, (NCI, Frederick, MD; Lyakh et al., 1997) . The GSK3b antibodies were from Cell Signalling Technologies, Beverly, MA. The NFAT luciferase vector was a gift from Dr. D.J. McKean (Mayo Foundation, Rochester, MN). The GSK-3 inhibitor, 6-bromo-indirubin-3'-oxime (BIO) was purchased from Calbiochem, La Jolla, CA.
Cells
After obtaining informed consent, redundant skin from circumcisions and pinoplasty operations was used to culture keratinocytes as previously described (Todd and Reynolds, 1998 ). An SV-40 transformed human foreskin keratinocyte cell line, SV-K14 obtained from J Taylor (Cell Services, Cancer Research UK, Clare Hall Labs, Herts, UK) and HaCaT keratinocytes, a non-tumorgenic cell line, a kind gift from Dr. NE Fusenig (German Cancer Research Center, Heidelberg, Germany), were grown in DMEM supplemented with antibiotics and 5% and 10% fetal calf serum (FCS) respectively.
Retroviral transduction
The GSKBP segment was digested from the CS2 vector using HindIII and XbaI. After gel extraction, the DNA fragment was inserted into the pBluescriptIISK(þ) cloning vector. Primers were designed with new restriction sites incorporated to amplify the fragment and enable insertion into the retroviral GFP vector pLEGFPc1 (Clontec, BD Biosciences, San Jose, CA) at 5 0 HindIII and 3 0 BamHI sites. Forward primer was ggtccgaagctttgccgtgtcgcaaggagagtttcctg and reverse primer (5 0 -3 0 ) was gcttctggatccggttgtctcagtgcactcggacac. Full-length human NFATc1 cDNA was cloned from pEGFPc1-NFAT2 into the retroviral vector pLEGFPc1 using BspEI and HindIII restriction sites. Vectors were sequenced to confirm that the inserts were in frame with the GFP. The pLEGFP-GSKBP, pLEGFP-NFAT2, and pLEGFP empty vector were then transiently transfected into the Phoenix Ampho retroviral packaging cell line, a kind gift from Dr. G. Nolan (Stanford University, Stanford, CA). These cells were grown in DMEM and selected using G418 (Invitrogen, Foster City, CA) until over 90% were GFP positive. They were then transferred to an incubator at 328C for production of virus which was collected from confluent cells after 48 h. Retroviral medium was either used immediately or frozen at À808C until needed. Retroviral transductions of human keratinocytes were performed essentially as previously described (Regl et al., 2002) . Human keratinocytes were seeded into 96-well plates and left over night. The medium was then substituted for growth factor free medium for 2 days before retroviral transduction. Following washing with PBS, retroviral medium with polybrene (5 mg/ml) was pipetted onto cells and then spun in a Sorvall plate spinning centrifuge at 1,500 rpm for 2 h. Following washing with PBS normal medium was replaced onto the cells which were returned to the incubator. Similarly, for SRB assays with K14 keratinocytes, cells were seeded into 96-well plates and cultured for 2 days in DMEM without FCS prior to retroviral transduction in the 96-well plates. HaCaTs were retrovirally transduced in six-well plates and incubated for 2 days after transduction, then transferred to T75 culture flasks. Culture for 3 days in DMEM without FCS resulted in an almost synchronous population with around 90% of cells transiently arresting in G1 phase of the cell cycle. Cells were then seeded for SRB assays or flow cytometry. For all cell types the transduction efficiency was greater than 75%.
Sulphorhodamine B assays
Sulphorhodamine B (SRB) assays provide a sensitive measure of total cellular protein, are linear with cell number and cellular protein at densities from 1% to 200% and perform similarly compared with other proliferation assays such as MTT assay or clonogenic assays (Skehan et al., 1990; Voigt, 2005) . Cells were seeded into flat bottomed 96-well plates with 5 Â 10 3 cells/well (keratinocytes) or 3 Â 10 3 cells/well (K14 keratinocytes) or in 24-well plates with 2.5 Â 10 4 cells/well (HaCaT cells), incubated in growth factor free medium (keratinocytes) or serum-free medium for 48 h (K14 keratinocytes) or DMEM plus 10% FCS (HaCaTs, following synchronization) before transduction with indicated plasmids or treatment with lithium or 6-bromoindirubin-3 0 -oxime (BIO) in complete medium for 4 or 7 days, and SRB assay performed (McGill et al., 2005) . After removing the medium the cells were fixed in 10% trichloroacetic acid for 1 h at 48 and then washed with water five times. SRB 0.4% dissolved in 1% glacial acetic acid was added for 30 min after which the cells were washed with 1% glacial acetic acid. The cells were left to dry overnight and then the protein bound SRB was solubilized by adding 200 ml 10 mM Tris per well. The absorbance was measured at wavelengths 490 nM using a plate reader (Spectra MAX 250; Molecular Devices, Sunnyvale, CA).
Flow cytometry
Synchronized HaCaT cells were seeded in six-well plates at a density of 1.5 Â 10 5 cells/well in DMEM plus 10% FCS. Cells were harvested at various time points post-seeding, fixed in ice-cold methanol, and stored at 48C until required for analysis. For cell cycle analysis, cells were stained with 100 mg/ml propidium iodide (Sigma, Dorset, UK) plus 0.2% Triton-X (Sigma), and 0.15 mg/ml ribonuclease A (Sigma) for 20 min at 378C in the dark. Keratinocytes were seeded into flasks and treated as indicated. At the desired time points cells were fixed and labeled with propidium iodide as described above. The DNA content of the cells was measured using a gated amplifier for FL2 (l 625 nm) and 10,000 cells per sample were counted. Cell cycle analysis was performed using Multicycle software (University of Washington, Verity, WA).
Western blotting
Following treatment with agonists for designated times, medium was removed and keratinocytes lysed in buffer containing 15 mM KCl, 3.75 mM NaCl, 37.5 mM Spermine, 125 mM Spermidine, 500 mM EDTA, and 3.75 mM Tris-HCl and 0.1% (w/v) digitonin, harvested with a cell scraper and sonicated. Lysis buffer was mixed with sample buffer and protein separation performed on 10% Bis-Tris gels from Novex (Invitrogen). Primary antibodies were incubated in 5% dried milk in PBS/0.05% Tween-20 for 1 h. The antibodies used were: rabbit anti-NFAT2 antibody (1:200; Lyakh et al., 1997) and rabbit anti-Phospho-GSK-3b (Ser 9) antibody (Cell Signalling Technologies, Catalog. No.# 9336) . Secondary biotinylated antibodies at 1 in 2,000 were incubated for 1 h (Vector Labs, Burlingame, CA). Following washing, membranes were incubated in ABC (avidin and biotinylated horseradish peroxidase macromolecular complex) reagents (Vector Labs) for 1 h at room temperature. Membranes were washed again before incubation with ECL superadvance TM reagent. Blots were imaged using a FluroChem TM CCD camera (Alpha Innotech, Staffordshire, UK).
Immunohistochemistry of cells
Keratinocytes were seeded onto 16 mm glass cover slips and treated as specified when approximately 70% confluent. Cells were fixed in 4% paraformaldehye for 15 min and permeabilized with 0.01% Triton X-100, and immunostained as previously described with rabbit anti-NFAT2 antibodies (1:200; Lyakh et al., 1997) as previously described (Al-Daraji et al., 2002) . Cells were imaged using a Leica TCS SP II laser scanningconfocal microscope (Leica Microsystems, Heidelberg, Germany) as previously described (Flockhart, 2008) . Line by line scanning mode was utilized to minimize cross-talk between channels. Images were exported and subsequently processed in Photoshop TM (Adobe, San Jose, CA).
Luciferase assays
The following vectors were used: NFAT luciferase vector (pNF-AT-luc) containing three tandem repeats of the NF-AT/AP- 
RNA interference to knock down NFAT2 expression
Chemically modified (to prevent off-target effects) scrambled siRNA and NFAT2-specific siRNA were obtained from Qiagen (Crawley, UK). siRNA were transfected into keratinocytes using the Human Keratinocyte Nucleofector kit and device from Amaxa/ Lonza (Cologne, Germany) according to the manufacturer's protocol (2 mg siRNA/10 6 cells). Knockdown of NFAT2 was verified by real-time PCR using standard procedure. Poly-A RNA was isolated from 3 Â 10 6 transfected cells using a Direct mRNA isolation kit (Sigma), retrotranscribed using a High-Capacity cDNA RT kit (Applied Biosystems, Foster City, CA) and subjected to realtime PCR using iQ SYBR Green Supermix and a Chromo4 cycler (Bio-Rad, Hemel Hempstead, UK). Primers used to detect NFAT2 were 5 0 -CTTCTCCAACACCAAAGTCC-3 0 (forward) and 5 0 -CGTACCCGTGTGTTCTTCCT-3 0 (reverse). NFAT2 expression was normalized for GAPDH expression (forward primer: 5 0 -GTCAGTGGTGGACCTGACCT-3 0 , reverse primer: 5 0 -AGGGGTCTACATGGCAACTG-3 0 ). Annealing temperature was 568C for both NFAT2 and GAPDH.
Assessment of effect of NFAT2 knockdown on keratinocyte growth by manual cell counting Keratinocytes were transfected using scrambled or NFAT2-specific siRNA and seeded into T25 flasks at 10 6 cells per flask.
Three days later, the cells were trypsinized and passaged at a 1:3 ratio into new T25 flasks to prevent them from becoming confluent and growth arrested. Two days later, the cells were trypsinized again and counted using a hemocytometer.
Epidermal equivalents
Epidermal equivalents were established using keratinocytes transfected with scrambled or NFAT2-specific siRNA (Poumay et al., 2004; Jans et al., 2008) . Briefly, 500,000 keratinocytes were seeded onto polycarbonate filters (0.4 mm pore size, Millipore, Durham, UK) and allowed to stratify for 13 days following lifting to air-liquid interface culture. The resulting epidermal equivalents were then fixed with 4% (w/v) paraformaldehyde for 20 min and washed with PBS. The filters were cut out of the inserts and split into half-moons using a scalpel blade and were processed for routine histology and H&E staining.
Statistics and Graphical illustrations
Data were analyzed using either un-paired t-tests, one-way ANOVA, ANOVA using a generalized linear model or two-way ANOVA to detect differences at a level of significance of P < 0.05, with two-tailed tests. Subset ANOVA analysis was also performed where appropriate. Minitab software was used. For comparisons of cell growth over time following retroviral transduction with different vectors, two-way ANOVA was used (GraphPad Prism version 4.00 for Windows (GraphPad, San Diego CA)).
Results
Lithium induces increased keratinocyte proliferation
Lithium at 1 or 2 mM induced increased proliferation of primary human keratinocytes (Fig. 1A) , as measured by SRB assay maximal at 7 days. Stimulation of primary human keratinocyte growth appeared maximal at 1-2 mM lithium (Fig. 1A) , consistent with the therapeutic range for lithium in patients treated for bipolar disorder of 0.4-1.2 mM (1 mM, P < 0.05, 2 mM P ¼ 0.05, ANOVA, four independent experiments). The activity of GSK-3 is inhibited by N-terminal phosphorylation. Western analysis using an antibody specific to GSK-3b phosphorylated at N-terminal serine 9 showed that lithium Fig. 1 . Lithium inhibits GSK3b in keratinocytes and induces proliferation of keratinocytes. A: SRB assays were performed on human keratinocytes following treatment for 7 days with lithium or vehicle. Lithium 1 mM ( P < 0.05) and 2 mM ( P U 0.05) significantly induced cell growth at 7 days (ANOVA, 24 replicates per group in four independent experiments). B: Western blotting of human keratinocyte lysates using antipGSK(Ser 9)3b antibody and anti-total GSK antibody. As expected an increase in phosphoGSK3b was seen but no increase in total GSK following treatment with lithium. C: Flow cytometry of human keratinocytes treated with lithium for 4 days. Cell cycle analysis showed an increase in S phase with 2 mM lithium (50.4%) compared with control (34.8%). One representative of three independent experiments is shown.
(2, 5, or 10 mM lithium for 7 days) induced N-terminal phosphorylation in human keratinocytes (Fig. 1B) but did not increase total GSK-3. Keratinocytes treated with 1, 2, and 5 mM lithium were assessed by flow cytometry and an increase in the percentage of cells in S phase was seen with 2 mM lithium ( Fig. 1C) and 5 mM lithium (data not shown) at 7 days. These data show that lithium promotes keratinocyte proliferation at therapeutic doses.
Pharmacological and genetic inhibition of GSK-3 induced proliferation of keratinocytes
Having confirmed that lithium-induced keratinocyte proliferation and inhibited GSK-3b, we further investigated the role of GSK-3 in regulating keratinocyte proliferation. To investigate whether inhibition of GSK-3 by lithium accounted for the effect of lithium on keratinocyte proliferation, we overexpressed GSKBP. GSKBP is a specific GSK-3 inhibitor, which we have shown, using Tcf/LEF-dependent TOPFLASH luciferase assays, to be functionally active in human keratinocytes (data not shown). We transduced SV-k14 keratinocytes with the empty vector, pLEGFP empty vector ( Fig. 2A) or with a retroviral GFP-GSKBP fusion protein, pLEGFP-GSKBP (Fig. 2B) , and showed that pLEGFP-GSKBP induced significantly greater proliferation at 7 days compared to pLEGFP empty vector ( Fig. 2C , P < 0.005). Transduction of human keratinocytes with pLEGFP-GSKBP for 4 days induced increased proliferation compared to empty vector control pLEGFP empty ( Fig. 2D , P ¼ 0.02). To further confirm the role of GSK-3 in regulating keratinocyte proliferation, we next investigated pharmacological inhibition of GSK-3 using a specific GSK-3 inhibitor BIO (Meijer et al., 2003) and showed that BIO induced increased proliferation of SV-k14 keratinocytes at 7 days ( Fig. 2E , P < 0.005 at 5, 50, and 500 nM).
Inhibition of GSK-3 increased nuclear NFAT2 and induced transcriptional activation of an NFAT-luciferase reporter
Having demonstrated that inhibition of GSK-3 induced keratinocyte proliferation, we next investigated the role of the GSK substrate NFAT in keratinocyte proliferation. Since NFAT is a negatively regulated substrate of GSK-3, we investigated the effect of inhibition of GSK-3 on NFAT nuclear localization and transcriptional activity. Primary keratinocytes were transiently transfected with an NFAT-luciferase reporter and either the GSKBP or empty vector. As expected, GSKBP induced significantly greater activation of the NFAT-luciferase reporter than empty vector ( Fig. 3A , P < 0.005). A similar effect on the NFAT-luciferase reporter was seen following retroviral transduction with the fusion protein pLEGFP-GSKBP compared to empty vector, further validating that this construct was functionally active in this system (data not shown). Consistent with the effect of GSKBP, overexpression of a constitutively active GSK mutant (CaGSK-3b-S9A), reduced activation of the NFAT-luciferase reporter ( Fig. 3B , P ¼ 0.002). Retroviral transduction of pLEGFP GSKBP induced increased nuclear NFAT2 compared with transduction of pLEGFP empty (Fig. 3C ).
Lithium induced nuclear translocation of NFAT2, transcriptional activation of NFAT-luciferase, and increased expression of NFAT2 protein
The level of NFAT gene activation is determined in part by the duration that NFAT remains in the nucleus. Nuclear export of NFAT is therefore a crucial component in the regulation of NFAT-dependent gene transcription. GSK-3 has been shown to inhibit the DNA-binding activity of NFAT2 (Beals et al., 1997a; Neal and Clipstone, 2001 ). . Transduction with pLEGFP GSKBP (BP20) induced significant proliferation compared to pLEGFP empty vector in K14 keratinocytes at 7 days (C: P < 0.005, t-test, three independent experiments, 30 wells per group per experiment) and in human keratinocytes at 4 days (D: P U 0.02, t-test, three independent experiments, 30 wells per group per experiment). E: SRB assays of K14 keratinocytes following treatment with BIO for 7 days induced significant proliferation at 5, 50, and 500 nM concentrations ( P < 0.005, P < 0.006, P < 0.005, respectively, ANOVA, three independent experiments, 12 wells per group per experiment).
Primary keratinocytes were treated with lithium (10 mM) for 48 h and NFAT2 localization was assessed by immunostaining. Increased nuclear localization of NFAT2 was seen following lithium treatment (Fig. 4A) . Western blotting of lysates from primary human keratinocytes treated with lithium (10 mM) showed an increase in expression of NFAT2 isoforms at 48 h (Fig. 4B) . Significantly increased transcriptional activation by therapeutically relevant concentrations of lithium (2 mM) was shown between 24 and 168 h, two-way ANOVA P ¼ 0.039 (Fig. 4C) . Thus, 2 mM lithium induced prolonged NFAT transcriptional activation in keratinocytes up to 7 days and at time points where we observed lithium-induced keratinocyte proliferation (Fig. 1) .
Retroviral transduction of NFAT2 induces keratinocyte proliferation
NFAT signaling regulates proliferation in a number of cellular systems as previously indicated. We hypothesized that inhibition of GSK-3 by lithium leading to increased NFAT activity could result in increased proliferation of keratinocytes and that this may be relevant to the actions of lithium in provoking psoriasis. Overexpression of pLEGFP-GSKBP induced increased nuclear NFAT2 (Fig. 3C) . To investigate the role of NFAT2 in regulating keratinocyte proliferation, we synchronized HaCaTs in G1 by serum starvation and then transduced cells with pLEGFP-NFAT2. A time-dependent increase in proliferation was seen up to 120 h ( Fig. 5A , P < 0.001) following transduction with pLEGFP-NFAT2 compared to empty vector. In addition, transduction with pLEGFP-NFAT2 resulted in an increase in the proportion of cells in S phase compared to empty vector at 24 h (Fig. 5B) . Also, following retroviral transduction of K14 keratinocytes with pLEGFP-NFAT2, increased proliferation was seen at 7 days ( P ¼ 0.01) compared to empty vector (data not shown).
Finally, we assessed the effect of knocking down NFAT2 using NFAT siRNA in an epidermal equivalent model and in monolayer cultured human keratinocytes. Knockdown of NFAT2 in primary keratinocytes was confirmed by Western blotting (Jans et al. (manuscript in preparation) ). Keratinocytes transfected with NFAT2 siRNA were grown in an epidermal skin equivalent model. Knockdown of NFAT2 resulted in reduced epidermal thickness (Fig. 6A) . siRNA-mediated knockdown of NFAT2 reduced keratinocyte growth as assessed by cell counting (Fig. 6B ) and SRB assay (data not shown). Together, these data indicate a role of NFAT2 in the regulation of keratinocyte proliferation and cell cycle progression and suggest that lithium induced keratinocyte proliferation may be regulated via GSK-3 and NFAT2. Fig. 3 . NFAT nuclear localization and transcriptional activation in human keratinocytes is regulated by GSK3. A: Transfection of the GSKBP (BP20) induced a fourfold increase of NFAT-luciferase activity ( P < 0.005, unpaired t-test, n U 3 independent experiments, three replicates per experiment) at 24 h. B: Transfection of caGSK-3b-S9A inhibited NFAT-luciferase activity at 24 h compared with an empty vector control ( P U 0.002, t-test, n U 2 independent experiments, three replicates per experiment). C: Human keratinocytes were transduced with either pLEGFP GSKBP or pLEGFP empty and were then subsequently immunostained 48 h later with anti-NFAT2 antibodies and the nuclear dye Toto-3. The rabbit anti-NFAT2 antibody was labeled with an Alexa Fluor 568 anti-rabbit secondary antibody. Increased nuclear NFAT2 was seen in the GSKBP positive cells (arrow heads), compared to the empty vector GFP positive cells. Mid z images are shown taken in sequential scanning mode to minimize cross talk. The following excitation wavelengths were used; GFP 488 nM, Alexa Fluor 543 nM, and Toto-3 633 nM. Scale bar represents 40 mm.
Discussion
Our results have identified GSK-3 as a molecular target for lithium in human epidermal keratinocytes and as a negative regulator of keratinocyte proliferation. Thus, lithium at therapeutic doses resulted in inhibitory phosphorylation of GSK-3b and also induced proliferation of human keratinocytes. Using a genetic and pharmacological approach, we have confirmed that GSK3 is a key regulator of human interfollicular keratinocyte cell growth. Inhibition of GSK-3, using retroviral transduction of GSKBP (Franca-Koh et al., 2002) , or through using the GSK-3 inhibitor BIO (Sato et al., 2004) , increased keratinocyte proliferation. Furthermore, our data identify NFAT, and NFAT2 in particular, as an important down-stream target for GSK3 in keratinocytes. Inhibition of GSK-3 by lithium or overexpression of GSKBP increased NFAT transcriptional activity and increased NFAT2 nuclear localization. Importantly, overexpression of NFAT2 increased growth of human keratinocytes and HaCaT cells, consistent with the inhibitory action of cyclosporin on keratinocyte growth (Fisher et al., 1988) .
We observed proliferation of keratinocytes in response to (1) lithium which inhibits both GSK-3 isoforms, (2) the specific GSK-3 inhibitor BIO, and (3) overexpression of GSKBP which inhibits GSK-3 activity, underscoring the role of GSK-3 in regulating keratinocyte growth (Ferkey and Kimelman, 2002; Bhat et al., 2004) . These results are consistent with evidence from a variety of cell types which indicates that genetic inhibition of GSK-3b induces cell proliferation (Hamilton et al., 1995; Ohteki et al., 2000; Park et al., 2003) . Moreover, we observed an increase in pGSK-3b (Ser 9) in keratinocytes HaCaT keratinocytes synchronized in G1 were retrovirally transduced with either pLEGFP empty or pLEGFP-NFAT2 and proliferation assessed by SRB assay. Two-way ANOVA analysis showed a significant difference in proliferation between the pLEGFP empty and the pLEGFP-NFAT2 groups ( P U 0.008) and a significant difference in proliferation over time ( P < 0.001), two independent experiments with 12 replicates. B: Synchronized HaCaT keratinocytes were retrovirally transduced with either pLEGFP empty or pLEGFP-NFAT2 and cell cycle progression was assessed by flow cytometry. At 24 h there was an increase in the percentage of cells in S phase in the pLEGFP-NFAT2 group.
following lithium treatment, suggesting that GSK-3b is a likely target for lithium-induced keratinocyte proliferation. Finally, epidermal hyperproliferation in response to lithium has been demonstrated in an in vitro skin explant model (Wolf et al., 2000) .
Our data showing that lithium and inhibition of GSK-3 induced transcriptional activation of NFAT and increased translation of NFAT2 isoforms in keratinocytes are consistent with the known role of GSK-3 in regulating NFAT phosphorylation in vitro and NFAT nuclear export (Beals et al., 1997b) . Regulation of NFAT2 (NFATc1) is complex, controlled by at least two promoters, as well as alternative splicing and two polyadenylation sites and may result in the transcription and translation of up to 6 isoforms (Serfling et al., 2006) . Moreover, two NFAT-binding sites have been identified in the P1 promoter and binding of NFAT may therefore result in auto-induction particularly of the shorter NFAT2/aA isoform but also NFAT2/aB and NFAT2/aC (Serfling et al., 2006) . Induction of 4 NFAT2 isoforms in keratinocytes following treatment with lithium is consistent with this model which appears to operate in a variety of cellular systems including T cells and bone (Lyakh et al., 1997; Serfling et al., 2006) . In addition, lithium treatment resulted in nuclear NFAT2 as did overexpression of pLEGFP GSKBP. Importantly and potentially relevant to lithium-provoked psoriasis, we demonstrated that transduction of NFAT2 induced keratinocyte proliferation and that NFAT2 knockdown caused a reduction in thickness in an epidermal skin equivalent model.
The effect of lithium alone is unlikely to be sufficient to induce the psoriatic phenotype. A predisposition to psoriasis seems to be regulated by a complex interplay between keratinocytes, T cells, and the innate immune system (Gaspari, 2006; Nestle et al., 2009) . We hypothesize that lithium is likely to trigger psoriasis in genetically predisposed individuals whose skin innate immune system is in an activated state. Our results suggest that lithium-induced psoriasis may involve a GSK3-mediated effect on NFAT2. By inhibiting GSK3, lithium may reduce the nuclear export of NFAT2 thereby maintaining NFAT2 in the nucleus and moreover this may lead to NFAT2 auto-induction and a positive feedback loop (Chuvpilo et al., 2002) . Thus, lithium may reduce the threshold required to induce a significant NFAT-mediated effect on keratinocyte proliferation. However, in the clinical situation lithium may not itself be sufficient to induce clinically overt psoriasis in the absence of a further, yet to be identified, co-stimuli, or the relevant cytokine milieu. In other words lithium, by inhibiting GSK3 and inducing NFAT2, may reduce the threshold for induction of epidermal proliferation and remodeling required for the formation of the psoriatic plaques in predisposed individuals. This hypothesis may also explain the widely varying times between commencement of lithium and onset of psoriasis. Fig. 6 . NFAT2 knockdown by siRNA reduces cell number and reduces epidermal thickness in an in vitro epidermal equivalent model. A: Keratinocytes were transfected with either scrambled RNA or with NFAT2 siRNA and then grown as an in vitro epidermal skin equivalent. The NFAT2 siRNA group resulted in a thinner epidermis than control ( P < 0.05). B: Cell counts confirmed that NFAT2 siRNA reduced keratinocyte proliferation ( P < 0.001).
